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Using bilayer films of β -Ta/Ni0.8Fe0.2, we fabricate structures consisting of two, three and four crossing ellipses which
exhibit shape-induced bi-axial, tri-axial and quadro-axial magnetic anisotropy in the crossing area, respectively. Struc-
tures consisting of N crossing ellipses can be stabilized in 2N remanent states by applying (and removing) an external
magnetic field. However, we show that with field-free spin-orbit torques induced by flowing currents in individual el-
lipses, the number of remanent states grows to 2N. Furthermore, when the current flows between the edges of different
ellipses the number of remanent states jumps to 22N, including states which exhibit a pi-Néel domain wall in the overlap
area. The very large number of accessible remanent magnetic states that are exhibited by the relatively simple magnetic
structures paves the way for intriguing spintronics applications including memory devices.
A promising way to address the rapidly rising demand for
denser memory is storing more states in a single memory
cell. This approach has led to the development of multi-level
cell (MLC) FLASH memory with quad level cells1, MLC
phase change memory2,3 and MLC resistive random access
memory4,5. Due to the unique advantages of magnetic random
access memory (MRAM)6 which combines fast read and write
operation, long retention and unlimited read and write en-
durance, it is important to develop also MLC magnetic mem-
ory for denser memory devices. Multi-level magnetic memory
can be obtained by using 3D instead of planar structures7,8,
double/triple/quadrupole patterned lithography or multiple bit
per cells9. Furthermore, if a sufficiently large number of
states per cell is obtained, such memory cells would en-
able developing memristive logic computation10, neuromor-
phic computing11–13 and computing using high radix number
systems14.
Realizing a magnetic memory cell with multiple states is
challenging, as magnetic shape anisotropy is commonly used
to induce uniaxial anisotropy which supports only two re-
manent magnetic states. Higher order magnetic anisotropy
cannot be realized in an entire magnetic structure solely with
shape anisotropy; however, it has been shown that structures
consisting of N crossing ellipses (CEs) give rise to N easy
axes in the overlap area15–18. The direction of the easy axes is
parallel to (in between) the long axes of the ellipses when N is
odd (even); however, away from the overlap area there is only
a single easy axis along the ellipse. Such structures would
normally support 2N remanent states which may be attractive
for applications; however, clearly if the number of remanent
states would grow exponentially with the number of ellipses,
it would be a dramatic improvement.
For practical applications of such structures an efficient and
scalable method of switching between the different remanent
states is required. Spin-orbit torques (SOTs) generated by
flowing current in ferromagnetic/heavy metal (FM/HM) het-
erostructures owing to the spin Hall effect in HM offer such
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a method17–35. Furthermore, SOTs have also been used very
efficiently to systematically control domain walls motion36–41
and for creation and manipulation of skyrmions including de-
pinning and motion through nanostructures42–46 for realizing
next generation logic and memory devices.
In this study, we use β -Ta/NiFe bi-layers to fabricate struc-
tures consisting of two-crossing ellipses (2CE), three-crossing
ellipses (3CE) and four-crossing ellipses (4CE) which ex-
hibit in the overlap area of the ellipses bi-axial, tri-axial and
quadro-axial magnetic anisotropy, respectively. We show that
driving currents which induce SOTs along individual ellipses
increases the number of remanent states that can be stabi-
lized from 2N to 2N. Furthermore, by flowing currents across
the edges of different ellipses, the number of remanent states
jumps to 22N including states where the magnetization points
at opposite directions in the edges of an individual ellipse,
which gives rise to various magnetic configurations in the
overlap area, including pi-Néel-type domains. This means,
that in case of a 4CE structure, instead of 8 states that can
be stabilized by external magnetic fields, the manipulation of
the same structure with SOTs that are affecting only part of the
structure increases the number of remanent states to 256. The
large number of states that can be achieved in relatively simple
magnetic structures may pave the way to multi-level MRAM
devices. Alternatively, it may be the basis for various type of
memory devices, e.g. memristor with a history-dependent re-
sponse which may make it suitable for a magnetic analog of
neural computation.
Heterostructures of β -Ta(5 nm)/Ni0.8Fe0.2(2 nm)/Ti(3 nm)
are deposited on thermally oxidized Si-wafer in an ion-beam
sputtering system47. Patterns of CEs, having principle axes
of 2 and 16 µm, are fabricated using e-beam lithography fol-
lowed by Ar-ion milling. Second stage e-beam lithography,
Au sputtering and lift-off are performed for defining contact
pads connected with all the edges of the ellipses. Scanning
electron microscopy images of the devices are shown in Fig.
1(a), (b) and (c). Measurements are performed at room tem-
perature using a home-made system consisting of Helmholtz
coils and a sample rotator with angular precision of 0.03◦.
The magnetic configuration in the overlap area of the CEs
is monitored by measuring the planar Hall resistance RPHE =
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FIG. 1. (a-c) Scanning electron microscopy (SEM) images of the
2CE, 3CE and 4CE, respectively. Current and voltage pads for planar
Hall response measurements are indicated. The direction of all the
easy axes are shown by the arrows. (d-f) RPHE as a function of field
angle α for 2CE, 3CE and 4CE, respectively. The data are taken with
a field of 100 Oe and after removing the field at each field angles.
∆V/I (see Fig. 1(a-c)) which for our polycrystalline sam-
ples is given by48; RPHE =
1
2
∆Rsin2θ , where ∆R is the
anisotropic magnetoresistance amplitude and θ is the angle
between current and magnetization. Fig. 1(d-f) show RPHE
as a function of the angle between the field and the current
direction (α) of 2CE, 3CE and 4CE, respectively, and for
each α , RPHE is measured with a saturating field of 100 Oe
and after the field is switched off. The observed four, six
and eight plateaus indicate bi-axial, tri-axial and quadro-axial
anisotropy of 2CE, 3CE and 4CE structures, respectively, with
2N remanent states. Please note that in the 4CE structure, ∆V
is intentionally not measured across the perpendicular ellipse
to avoid obtaining the same remanent value of RPHE expected
for θ = pi/8 and θ = 3pi/8 (see Fig. S1 of the supplementary
materials).
As we show below, manipulating the CE structures with
SOTs gives rise to 22N remanent states which can be divided
into three types. Fig. 2 presents the three remanent types
obtained with numerical simulations ( Mumax349): (i) ordi-
nary remanent states (OS) which are the only accessible states
when a uniform external magnetic field is applied (and re-
moved) on the entire structure of CEs (Fig. 2(a-c)), (ii) stag-
gered remanent states (SS) accessible when the magnetization
of each individual ellipse can be manipulated independently
(Fig. 2(d-f)), and (iii) pi-Néel-like remanent states (NS) ac-
cessible only when the magnetization of each half of an indi-
vidual ellipse can be manipulated independently (Fig. 2(g-i)).
Whereas the number of OS (2N) grows linearly with N, if SS
and NS become accessible, the number of remanent states is
given by 2N or 22N respectively, namely, it grows exponen-
tially with the number of ellipses.
A convenient representation of the different states is ob-
tained by assigning zero or one to the edges of each ellipse
if the magnetization points inwards or outwards, respectively
(see Fig. 2). Thus the state of a CE structure with N ellipses
is described by a sequence of 2N numbers: a1, a2, ..., a2N
which reflect the magnetization at the edges of the ellipses as
we go around the structure. In the case of an OS the sequence
should contain N sequential zeros or ones, which gives rise to
2N different sequences. If each ellipse can be reversed indi-
vidually and SS are also available there is no requirement for
N sequential zeros or ones; however, since each ellipse has the
same magnetization at its edges then if ai is zero, a(i+N)mod2N
must be one and vice versa. Therefore, there are only N in-
dependent values which give rise to 2N states. The correla-
tion between different items of the sequence is removed if the
edges of each ellipse can be manipulated separately, which
gives rise to 22N different sequences.
We start by showing how SS are obtained in a 4CE struc-
ture with SOTs. Fig. 3(a) and (b) show field-free SOT-induced
switching experiments in such a structure by driving current
pulses of 2.5 mA along one of the ellipses. Fig. 3(a) demon-
strates the switching between two plateau values of RPHE ob-
tained in measurements as presented in Fig. 1(f); namely,
between OS, but in Fig. 3(b) one of the values differs from
all plateau values. The later state is identified as a SS based
on both the numerical simulation of the switching and good
agreement between the value of measured RPHE and the sim-
ulated RPHE.
To simulate the switchings (Mumax3), we consider a 4CE
device of dimension 2.048×16.384 µm2 and thickness 2 nm
in an OS, where a spin-polarized current pulse of amplitude
8×106 A/cm2 and duration 2 ns is driven in the horizontal el-
lipse. The final state is achieved after relaxing the structure,
which realizes the switching to a SS via reversing the magne-
tization of the same ellipse, shown in Fig. 3(c). We use char-
acteristic values of permalloy: Gilbert damping co-efficient of
0.01, saturation magnetization (MS) = 8 × 10
5 A/m and ex-
change stiffness (Aex) = 1.3× 10
−11 J/m2. Reversible switch-
ings between other OSs and between OSs and SSs are shown
in Fig. S2 and S3, respectively, of the supplementary materi-
als.
To check whether the measured RPHE of the presumed SSs
is consistent with the obtainedmagnetic configuration, numer-
ical simulations are performed. We convert the magnetic con-
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FIG. 2. (a-c) Micromagnetic
simulated OSs of 2CE, 3CE and
4CE, respectively, which can be
stabilized by external magnetic
field. (d-f) Simulated SSs gen-
erated by selectively manipulat-
ing the entire individual ellipses
of 3CE and 4CE, respectively,
which can not be stabilized by
external magnetic field. (g-
i) Simulated NSs generated by
stabilizing the magnetization of
both edges of individual ellipse
in opposite direction for 2CE,
3CE and 4CE, respectively. The
arrows indicate the direction of
magnetization. Ones and zeroes
at the edges of the ellipses indi-
cate outward and inward mag-
netization, respectively.
figuration obtained by Mumax3 to conductivity tensor and us-
ing COMSOL Multiphysics RPHE is calculated. Experimental
and simulated RPHE values of all the OSs and SSs are pre-
sented in Fig. 3(d). The magnetic configurations are denoted
by a sequence of four numbers since the remaining four num-
bers are the NOT values of shown four ones. The sequence
starts from the top edge of vertical ellipse and rotates clock-
wise.
The stabilization of SSs and switchings between OS and
SS in a 3CE structure are shown in Fig. S4 of supplementary
materials.
We now turn to demonstrating the possibility to manipu-
late the two edges of each ellipse individually for achieving
22N remanent states, and use for this purpose a 2CE structure.
Starting from an OS of 2CE and flowing current between the
edges of different ellipses (as shown in the schematics of Fig.
4(a)), a switching occurs to a state with RPHE which differs
from the values obtained for the OSs (see Fig. 1(d)). To probe
the magnetic configuration of the obtained state, we measure
RPHE vs H with field applied in various directions (see Fig.
4(b)). We observe a significant change in RPHE when the field
is along α = 90 or 270 deg, whereas the change is minimal
for α = 0 and 180 deg. This indicates that the magnetization
in the overlap area is mostly along 0 deg. This is only pos-
sible if one of the two edges of the vertical ellipse reverses
its magnetization, which in turn stabilizes a pi-Néel domain
wall in the overlap area. Micro-magnetic simulations using
spin-polarized current pulse of amplitude 4×106 A/cm2 and
duration 2 ns in a 2CE structure of dimension 2.048×16.384
µm2 and thickness 2 nm supports the scenario of generating
a pi-Néel-type domain wall (Fig. 4(c)). Flowing current se-
lectively between the edges of different ellipses, all other NSs
are stabilized and identified (see Fig. S5, S6 and S7 of sup-
plementary materials). Namely, a 2CE structure can be effec-
tively manipulated with SOTs between 22N = 16 states.
Here we focus on demonstrating the ability of stabilizing
exponential number of remanent states in relatively simple
structures including intriguing Néel-like states. Clearly, the
potential of these states for basic research and applications is
yet to be explored. Thus for instance, using such structures for
memory applications would probably require a more efficient
probing method than the planar Hall resistance which yields
small difference in the resistance values obtained for different
magnetic configurations and in addition it is symmetric un-
der magnetization reversal. A possible route we are currently
exploring is incorporating CEs structures as bottom ferromag-
netic layers in magnetic tunnel junctions on top of a Ta layer,
so that the CEs structures can be manipulatedwith SOTs. This
would be useful not only for lifting the degeneracies under
magnetization reversal but also for obtaining larger signals as
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FIG. 3. (a) and (b) Field-free reversible switchings between two OSs
and between an OS and a SS, respectively, by flowing current pulses
of 2.5 mA through individual ellipse. The direction of magnetization
of the two remanent states and the current direction are indicated
by arrows in the schematics. (c) Micro-magnetic simulation of the
switching between OS and SS by flowing a spin-polarized current
in the horizontal ellipse. (d) The experimental RPHE of the OSs and
the SSs along with numerical simulated values. The sequence of
four number in the x-axis indicates the magnetization direction of
the edges of the ellipses, where it starts from the top edge of vertical
ellipse and rotates clockwise.
the variation in MTJ resistance is orders of magnitude larger.
We note that other methods to fabricate multi-level memory
are based on a single axis of easy magnetization and the mul-
tiple states are achieved either by stacking MTJs vertically50
or by moving a domain wall in one of the ferromagnetic layers
between pinning sites12. We believe that the method presented
here is more appropriate for achieving a large number of dis-
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FIG. 4. (a) Field-free reversible switching between an OS and a NS
by flowing current between the edges of two different ellipses. The
schematics show the current direction and the magnetization direc-
tion of both the edges and overlap area. (b) Change of RPHE as
a function of field applied in various directions on a NS. (c) The
switching in (a) is reproduced by micro-magnetic simulation by driv-
ing spin-polarized current as shown by the arrow.
crete magnetic states.
Another issue relevant for memory applications is density.
The structures presented here are on micron scale; however,
based on previous works such as the demonstrated ability to
stabilize Néel domain walls in NiFe nanowires of width 200-
300 nm with symmetric anti-notches51,52, we expect that our
structures may be downscaled by at least an order of magni-
tude. Furthermore, based on preliminary results N = 4 is not
the upper limit for achieving well behaved structures. We also
note that multi-state memory devices particularly if the num-
ber of states can be as large as in our case may also be useful
for memories that can be useful for neuromorphic computa-
5tion.
In summary, structures consisting of two, three and four
crossing ellipses support only 2N number of remanent states
when stabilized by an external magnetic field. Here we show
that using SOTs, it is possible to manipulate the magnetization
of each ellipse individually and even each of its edges which
enables stabilization of 22N remanent states, including states
which exhibit a pi-Néel domain wall in the overlap area. The
large number of states per structure and the ability of switch-
ing between them by SOTs in absence of any external mag-
netic field make such structures promising for various spin-
tronics applications including memory devices.
See supplementary material for detailed experimental
demonstration of switchings between different kinds of rema-
nent states.
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